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This issue of the Journal contains the final installment (1) of 
an excellent symposium regarding the findings of experimen- 
tal studies concerning Doppler flow velocity recordings. The 
symposium has addressed a variety of issues relating to the 
hydrodynamic principles of blood flow in normal and disease 
states, and the relation of these principles to the Doppler 
examination obtained in the clinical setting. The studies 
utilized a variety of in vitro and in vivo experimental 
preparations that typically introduced conditions differing 
widely from those encountered in the noninvasive labora- 
tory, and described complicated mathematics involving var- 
iables that cannot be readily measured clinically. It would 
not be surprising, therefore, for clinicians to wonder at the 
relevance of these data to their current use of echocardiog- 
raphy in patient care. 
Limitations of experimental models. Before discussing the 
relevance of the investigations presented in the Symposium, 
it seems appropriate to acknowledge the limitations imposed 
by the experimental preparations employed. Many studies 
utilized steady rather than pulsatile flow (pulsatile accelera- 
tion stabilizes flow), and evaluated jets that were not truly 
free and unbounded. The protocols typically did not employ 
red blood cells, often utilized prosthetic heart valves that 
were neither symmetric nor smooth orifices and did not 
duplicate either the normal elasticity of walls and blood 
vessels or the bends and branches in these structures. 
Finally, the studies were often performed at depths and 
utilized ultrasonic frequencies that are not practical clini- 
cally and did not deal with ultrasonic attenuation or scatter- 
ing. Paradoxically, the presentation of multiple studies in the 
Symposium format tended to delineate and underscore the 
compromises that are inherent in experimental studies, a 
factor often somewhat submerged in an isolated report. 
From the Division of Cardiovascular Medicine, University of Kentucky 
Medical Center and Veteran’s Administration Hospital, Lexington, Ken- 
tucky. 
Manuscript received January 9, 1989; accepted January 24, 1989. 
Address for reprints: Anthony N. DeMaria, MD, Cardiology Division, 
Room MN670, University of Kentucky Medical Center. 800 Rose Street, 
Lexington, Kentucky 40536. 
01989 by the American College of Cardiology 
Complex basis of Doppler phenomena. Perhaps the great- 
est significance of these basic investigations to the clinician 
is in emphasizing the complexity of the hydrodynamic phe- 
nomena that underlie the flow of blood and the Doppler 
velocity recordings obtained from it. Blood flow must obey 
the laws of physics, in particular the law of conservation of 
mass and energy (2). Accordingly, a variety of factors 
influence flow through the central circulation, including 
pressure gradient, velocity, fluid viscosity and chamber 
diameter. Even in normal subjects, the composite flow 
stream represents an interplay between laminar, transitional 
and turbulent regions determined by the relation between 
velocity and viscous forces. The fact that the blood flows in 
adjacent radial shells accounts for many properties, includ- 
ing the susceptibility to sheer stresses at high flow states. In 
the presence of abnormalities, a multidimensional flow dis- 
turbance is produced having several tiers: a proximal region 
of high turbulence with substantial pressure decrease and a 
more distal region of relaminarization with pressure recov- 
ery. The complexity of the hydrodynamic determinance of 
flow is of even greater significance in regard to color flow 
imaging that, in addition to the aforementioned consider- 
ations, involves physical factors that influence the size and 
shape of jets. Thus, the geometry of a flow disturbance may 
be significantly influenced by whether the disturbance is 
confined or unbounded, originates from an abrupt orifice or 
a smooth tapering or enters a chamber in which the fluid is 
stationary or in motion. 
All of the aforementioned factors play a major role in 
producing the JIow phenomena recorded by Doppler echo- 
cardiography and must be taken into account to appropri- 
ately interpret the examination. Furthermore, these fluid 
dynamic principles enable a clearer understanding of the 
physical determinants of jet disturbances and thereby pro- 
vide the basis by which to calculate more direct and specific 
descriptors of clinical disorders. Thus, these studies point 
the way for efforts to calculate sheer stress (of significance in 
red blood cell and endothelial cell damage), kinetic energy, 
regurgitant orifice area and regurgitant volume. 
Current Doppler applications. Having restated the fluid 
mechanical principles related to Doppler blood flow record- 
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ings and their potential significance, the primary question 
remaining is how these basic physical laws influence clinical 
use. This issue is perhaps best approached from the vantage 
point of the current clinical applications of echocardiog- 
raphy. At the present time, Doppler studies are performed 
on a daily basis primarily to evaluate 1) stenoses (either 
valvular or peripheral vascular); 2) left ventricular systolic 
and diastolic function: 3) valvular regurgitation; 4) intracar- 
diac shunts: and 5) prosthetic heart valves. The experimental 
data have relevance to each of the individual clinical appli- 
cations of Doppler recordings. 
Intravascular and valvular obstruction. The first applica- 
tion of Doppler velocity studies that had major clinical 
importance, and the one which formed the basis of the 
integration of Doppler echocardiography into clinical prac- 
tice, was the assessment of valvular stenosis (3,4). Thus, the 
estimation of transvalvular gradients by means of the mod- 
ified Bernoulli equation and of valve area by means of the 
continuity equation or pressure half-time method are now a 
standard part of the diagnostic armamentarium of the clinical 
cardiologist. Data derived from in vitro and in vivo protocols 
have established, however, the importance of the assump- 
tions used in deriving the modified Bernoulli approach. In 
particular, viscous forces may contribute primarily to the 
resultant pressure decrease associated with any obstruction 
and are in turn neglected by the Bernoulli equation. Thus, in 
long tunnel type obstructions or stenoses in series, the 
modified Bernoulli equation may be limited in the precise 
determination of pressure decrease. This will have particular 
importance in attempting to evaluate stenoses in peripheral 
and coronary arteries by Doppler methods. In regard to 
quantitation of pressure gradient, the hydrodynamic princi- 
ples clearly demonstrate that direct catheter measurements 
are also susceptible to significant error if the tracings are not 
obtained from the area of the vena contracta. Accordingly, 
in cases in which a disparity exists between pressure gradi- 
ents determined by catheterization and Doppler methods. a 
careful examination of both techniques needs to be carried 
out to determine the source of the error. In regard to the 
continuity equation, studies by Gardin et al. (5) have clearly 
demonstrated the importance of the sample volume location 
in volumetric calculations. Perhaps the most numerous and 
influential variables capable of influencing Doppler measure- 
ments exist in regard to the evaluation of mitral valve area 
from transmitral velocity determinations, and emphasize the 
limitations of this technique in situations in which chamber 
compliance and valvular impedance are likely to play a 
major role. 
Given the ptwiously mentioned considerutions, M,hat ure 
the direct clinical upplications of the experimentaljindings 
to the application ofDoppler recordings in the ussessment of 
valvular and peripheral LBascular obstruction? Although 
pointing out a significant number of potential limitations to 
existing approaches. the experimental data generally support 
the validity of the Doppler approaches utilized to estimate 
transvalvular gradients and valve areas. In regard to aortic 
stenosis, the potential influence of the various fluid mechan- 
ical factors are not likely to be of major significance given the 
broad boundaries of the accuracy necessary for clinical 
decision making. Although susceptible to greater influence, 
application of Doppler methods to assess gradient and area 
in mitral stenosis seems similarly justified. An important 
exception to these statements may exist immediately after 
therapeutic intervention by balloon dilation, particularly in 
mitral stenosis, because chamber compliance plays an im- 
portant role in transvalvular velocity and may be unaccount- 
able by available measurements. It would seem, therefore, 
that more data are needed to assess the value of noninvasive 
techniques as criteria for the success of balloon valvulo- 
plasty in the immediate postoperative period. 
Evaluation of left ventricular function. The application of 
Doppler recordings to evaluate left ventricular systolic func- 
tion is based on the relation of blood flow velocity and its 
derivative acceleration to left ventricular contraction. Based 
on experimental data, it is clear that the movement of blood 
through the circulation is dependent on multiple factors. The 
energy imposed by left ventricular contraction is only one of 
the variables that determines the velocity exhibited by red 
blood cells. Moreover, the profile of a column of flow has 
important implications regarding the ability of Doppler re- 
cordings to provide data indicative of overall flow. 
Attempts to evaluate diastolic function by Doppler re- 
cordings have been based on meusl~rements derived from 
trmnsmitrtr/,pow velocities. However. evaluation of left ven- 
tricular diastolic properties by transmitral flow is indirect 
and represents only the change in left ventricular volume 
without regard to the concomitant change in left ventricular 
pressure. Accordingly, Doppler evaluation of diastolic dys- 
function is based on the assumption that such abnormalities 
would result in an alteration of the volumetric filling pattern 
of the chamber. Recently completed experimental studies 
have now clearly shown that transmitral flow velocities are 
dependent on left ventricular compliance and are primarily 
influenced by left atrial compliance, left atrial and left 
ventricular pressures and mitral valve impedance. There- 
fore it would appear that attempts to use Doppler transmitral 
flow velocities are somewhat simplistic and are likely to be 
capable of only providing general information in regard to 
the presence of substantial alterations in left ventricular 
filling. 
Valve regurgitation and intracardiac shunts: role of Dopp- 
ler color flow imaging. Echocardiographic imaging and spec- 
tral Doppler recordings did not prove to be as valuable in the 
assessment of valvular regurgitation or intracardiac shunts 
as they were in the evaluation of valvular stenosis. Thus, 
these lesions were often not visualized by echocardiography, 
and Doppler techniques were of lesser quantitative value 
than in stenosis. Accordingly. the development of Doppler 
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color flow imaging raised great hopes of extending the 
capability of ultrasound to the quantitation of regurgitant 
valves and congenital defects. Although flow imaging pro- 
vides information regarding the location, direction and ge- 
ometry (size) of flow disturbances, only size lends itself to 
quantification. It is not surprising, therefore, that enormous 
investigative efforts have centered on the quantification of 
the geometry of turbulent jets as the method to assess the 
severity of valvular regurgitation and intracardiac shunts. 
Perhaps the greatest implication of the data derived from 
in vitro and in vivo experimentation regards the assessment 
of regurgitation and shunts by Doppler color flow imaging. 
The data clearly and unequivocally establish that the size 
and geometry of disturbed flow is dependent on multiple 
hydrodynamic factors. Included in the fluid mechanical 
determinants ofjet size are 1) size and shape of the orifice; 2) 
driving pressure; 3) viscosity; 4) presence of additional radial 
flow velocities; and 5) size and compliance of the receiving 
chamber. In addition, a variety of instrument variables are of 
importance in determining the size and shape of jets, includ- 
ing 1) the type of machine utilized; 2) the presence or 
absence of a given variance algorithm; 3) the gain and lateral 
resolution of the ultrasound beam; 4) the pulse repetition 
frequency; and 5) whether flow data are displayed in addition 
to or instead of the tissue image. Data gathered by Krabill et 
al. (6) are just now beginning to define the relation between 
these multiple factors and the length, width, length/width 
ratio and area of regurgitant jets. Given the large number of 
variables involved, it is almost inconceivable that any mea- 
surement derived from the geometry of a jet could predict 
the regurgitant volume of a cross section of patients in whom 
these factors will vary widely. 
It is important to recognize that the aforementioned 
liabilities are not unique to ultrasound but also apply to 
angiography, the alternate imaging technique utilized in the 
assessment of regurgitant and shunt lesions. To be sure, 
angiographic and echocardiographic portrayals of disturbed 
flow differ in several respects. Angiography represents the 
cumulative result of abnormal flow over many beats and is 
comprised of only the fluid actually transported through the 
lesion. Doppler ultrasound depiction of disturbed flow con- 
sists of the individual jet produced with each cardiac cycle, 
and contains not only the actual regurgitant or shunt volume 
but also blood that is displaced by or entrained in the 
abnormal jet. Given these differences, angiographic findings 
may on occasion be at slight variance with those of ultra- 
sound. Nevertheless, angiography is quite susceptible to the 
most influential of the external variables influencing the size 
and shape of a flow disturbance and therefore is likely to 
yield data comparable with echocardiography in most pa- 
tients. Indeed, the common denominator of clinical studies 
thus far performed in regard to valvular regurgitation has 
been the ability of jet measurements derived from Doppler 
color flow imaging to relate to severity assessment by 
angiography (7-9). 
Descriptors ofregurgitantjow. The factors that limit the 
quantitative accuracy of Doppler color how imaging are also 
responsible for much of the great potential of the methodol- 
ogy to provide additional information in regard to regurgita- 
tion and shunts. Specifically, flow maps depict not only the 
size of a jet but also provide a genera1 estimate of the 
velocity, amplitude of red blood cells and level of turbulence 
intrinsic to that disturbance. The potential ability to extract 
these specific data from Doppler color flow images provides 
the basis by which additional descriptors of regurgitant flow, 
such as the kinetic energy of a jet, may be estimated in the 
future. Specifically, kinetic energy is the product of mass 
and velocity squared, and indices of these values can be 
derived from flow mapping. Although kinetic energy is not 
comparable with any other index now used to quantify or 
assess the prognostic or therapeutic significance of regurgi- 
tation or shunting, it could prove superior to any of the other 
available alternatives. 
As is apparent, a zealous attempt to employ Doppler 
color flow imaging in the assessment of regurgitation and 
shunting was prompted by the lack of alternative methods of 
quantitation and the visual impact of the images that intu- 
itively suggested a relation between the flow disturbance 
depicted and the magnitude of the lesion. Based on available 
experimental data as well as published studies, the possibil- 
ity now seems remote that any measure derived solely from 
the geometry of a regurgitant jet will accurately quantify the 
volume of regurgitation or shunting. However, in the ab- 
sence of more precise alternative methods, flow mapping 
will provide data comparable with angiography in the quan- 
titative assessment of valvular regurgitation and cardiac 
defects. In this role, Doppler flow imaging will surely con- 
tinue to be useful in the general assessment of patients with 
these disorders. 
Prosthetic valves. The function of prosthetic valves has 
traditionally been assessed by measurements of cardiac 
pressures and flow. Therefore, it was not unexpected that 
after the introduction of echo-Doppler techniques, attempts 
were made to derive comparable pressure and flow measure- 
ments. As is evident from in vitro and in vivo experiments, 
multiple fluid dynamics and instrumentation factors can 
influence the ability of Doppler echocardiography to esti- 
mate pressure and flow even through native valves. These 
factors are often particularly prominent in the setting of 
prosthetic valves. Thus, Bernoulli equation and area- 
velocity approaches can be employed to estimate the pres- 
sure decrease and flow across prosthetic valves by Doppler 
echocardiography; however, these data must be interpreted 
with appropriate recognition of the variables capable of 
influencing the data obtained. 
The focus on pressure and flow measurements to evaluate 
prosthetic valves derives not only from the importance of 
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these descriptors but also from the inability of available 
techniques to assess other parameters. However, flow ve- 
locities through prosthetic valves can often result in high 
sheer and stress forces. Moreover, the direction and profile 
of flow may be deleterious to optimal cardiovascular func- 
tion. Accordingly, Doppler color flow imaging, by virtue of 
the potential to evaluate these additional descriptors of 
function, holds the promise to enable more accurate assess- 
ment of both the function and malfunction of prosthetic 
devices than any other prior technique. 
Conclusions. Doppler velocity recordings (both spectral 
and color flow imaging) have exploded onto the scene of 
clinical cardiology and have already assumed an important 
role in daily practice. It is generally agreed that echocardiog- 
raphy has an integral role in the evaluation of patients with 
valvular and congenital heart disease and prosthetic devices. 
However, an appreciation of the hydrodynamic principles 
underlying the phenomena observed, and the relation be- 
tween these principles and Doppler recordings obtained 
clinically, are just now being defined. It may not be possible 
to entirely extrapolate the results of these experimental 
studies to the noninvasive laboratory. However, a clear 
understanding of these concepts is mandatory for the opti- 
mal application of echocardiography in clinical practice. Of 
perhaps greater importance, the definition of the fluid me- 
chanics principles underlying Doppler recordings provides 
the basis by which even more sophisticated and accurate 
assessment of cardiocirculatory performance by Doppler 
echocardiography may be possible in the future. 
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